A B S T R A C T The major goal ofthis investigation was to determine if activation of cardiac receptors during coronary artery occlusion could inhibit efferent renal sympathetic nerve activity. In nine chloralose anesthetized dogs with only carotid (n = 3) or with sinoaortic (n = 6) baroreceptors operative, anterior descending coronary artery (LAD) occlusion resulted in a small decrease in mean arterial pressure (-9.8+±5.1 mm Hg, NS) and in a significant (P < 0.05) increase in renal nerve activity (24.0±4.1%). In these dogs, circumflex coronary artery (Cx) occlusion resulted in greater hypotension (-18 
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INTRODUCTION
Occlusion of the coronary artery supplying the inferior wall of the heart in man has been frequently observed to result in bradycardia and hypotension (1) . Although the hypotension may be due in part to the myocardial ischemia and thus to reduced ventricular function, there is evidence which supports the view that these cardioinhibitory and vasodepressor responses may be in part reflexly mediated via sensory endings in the heart which are activated during myocardial ischemia (2) (3) (4) .
Although changes in systemic arterial pressure and heart rate during myocardial ischemia are of great interest, they provide little insight into the regional circulatory adjustments which occur during myocardial ischemia. The responses of different vascular beds during coronary occlusion are the result of the integrated influence of sinoaortic and cardiopulmonary receptors on the vasomotor center and thus on the sympathetic outflow to each vascular bed. With the carotid baroreceptors operative, coronary occlusion and its attendant hypotension results in reflex vasoconstriction in skeletal muscle beds (3) (4) (5) . With the common carotids occluded (4) or the sinoaortic baroreceptors deafferented (3, 5) , coronary occlusion results in frank reflex vasodilatation in skeletal muscle which is mediated by left ventricular receptors with vagal afferents (3, 4) . This observation is consistent with other evidence that the sinoaortic baroreceptors exert a greater influence on the vasomotor outflow to skeletal muscle than do the cardiopulmonary receptors (6) (7) (8) .
The influence of the cardiopulmonary receptors on the vasomotor outflow to other vascular beds, par-ticularly to the renal (9) and splanchnic circulation (8), appears to be equal to, ifnot exceed, the influence ofthe carotid baroreceptors (10) . Thus, it has been shown that other vascular beds behave differently from skeletal muscle during myocardial ischemia than has been previously observed for skeletal muscle beds (5, 11) . In this regard, it has recently been reported that patients with acute myocardial infarction and evidence of elevated left-sided filling pressures have higher creatinine clearance, urine volume, atid sodium excretion than do patients with myocardial infarction and normal filling pressures (12) . It is possible that this acute elevation of cardiac filling pressu're may have activated sensory endings in the left atrium and left ventricle. Activation of these cardiac receptors could have reflexly mediated withdrawal ofrenal sympathetic nerve activity resulting in renal vasodilatation, increased glomerular filtration rate, and augmented sodium and water excretion. The major goal of this study was to determine ifactivation ofcardiac receptors during coronary artery occlusion could inhibit efferent renal sympathetic nerve activity and thus account for the changes in renal function previously observed during myocardial infarction.
We have recently shown that inhibitory cardiac receptors with vagal afferents are located mainly in the inferoposterior left ventricle of the dog (3, 13); it was, therefore, an additional goal of this study to determine if circumflex occlusion resulted in greater inhibition of renal sympathetic nerve activity than did anterior descending occlusion.
The data show that circumflex occlusion and, to a lesser extent, left anterior descending occlusion result in reflex withdrawal of renal sympathetic nerve activity. Moreover, this withdrawal of renal sympathetic nerve activity during circumflex coronary occlusion and its attendant hypotension can occur even in the presence of functioning sinoaortic baroreceptors. Preparation of the animal. A midline incision was used to expose both vagi in the mid-cervical region. In six dogs the aortic nerves on each side were dissected free caudal to the nodose ganglion and identified by recording afferent traffic. The aortic nerve was traced distally to its junction with the vagus or sympathetic nerve and sectioned. This procedure has been shown to acutely abolish the baroreflex and chemoreflex from the aortic arch and the baroreflex from the major intrathoracic arteries (14) .
In 13 dogs the carotid bifurcations were exposed so as to permit carotid sinus denervation before or during the course of the experiment. Carotid sinus denervation was carried out by sectioning the carotid sinus nerves and by stripping the adjacent vessels of all visible innervation. The carotid regions were considered denervated when bilateral common carotid occlusion failed to change heart rate or arterial pressure.
Through a left thoracotomy the pericardium was opened and the margins of the pericardium were attached to the thoracotomy margins to fashion a cradle for the heart. A short segment of the proximal anterior descending coronary artery (LAD)' and of the circumflex coronary artery (Cx) were exposed for placement of snare occluders on each vessel. Care was taken to avoid damaging the nerves which course near these arteries.
The left flank was opened between the iliac crest and the costovertebral angle and the left renal artery was then exposed.
Recording 'Abbreviations used in this paper: Cx, circumflex coronary artery; LAD, anterior descending coronary artery.
Protocolfor coronary occlusions. The protocol was started for the 16 dogs 1 h after completing the surgical preparation. After establishing the control steady state, the LAD or Cx was occluded for 60-120 s and the parameters indicated above were monitored. After the release of the occlusion and the retirn of all measured variables to control, the other coronary artery was occluded. The order in which the coronary arteries were occluded was randomized. After occluding each vessel the vagal nerves were sectioned and after 30 min the protocol was repeated. This protocol was used to study dogs with sinoaortic baroreceptors intact (n = 6) or with carotid sinuses undisturbed but aortic nerves sectioned (n = 3) (group I), dogs with carotid sinus denervation but with aortic depressor nerves undisturbed (n = 7) (group II), and dogs with sinoaortic deafferentation (n = 6) (group III). In four experiments, coronary occlusions were carried out first with carotid and aortic baroreceptors intact and subsequently after carotid sinus denervation so that data from these dogs are included in both groups I and II. In two experiments coronary occlusions were carried out first with aortic nerves sectioned and again after carotid sinus denervation so that data from these dogs are included in both groups I and III. In five dogs with carotid sinus denervation (group II) and six dogs with sinoaortic deafferentation (grouip III), LAD and Cx occlusion were repeated (before vagotomy) after expansion of the blood volume with 6% dextran in normal saline (15 ml/kg i.v.). A minimum of 30 min was interposed between paired coronary occlusions.
Data analysis. Peak mean arterial pressure, heart rate, mean left atrial pressure, and renal nerve activity responses to coronary artery occlusion were measured. The observations ,vere summed to obtain mean and standard error for each group. The statistical significance of the difference in means wvas evaluated by Student's t test for paired observations (16) . The difference in means was considered significant for P < 0.05.
RESULTS
Group I, sinoaortic (n = 6) or carotid (n = 3) baroreceptors intact. Fig. 1 (Fig. 2) . For ease of comparison group I data are also shown in Fig. 2 (Fig. 2) . LAD occlusion resulted in a significant but smaller decrease in arterial pressure (136.0+12 to 110±11 mm Hg) and in an insignificant decrease in renal nerve activity. Fig. 3 shows the typical responses to LAD and Cx occlusion in a dog with carotid sinus denervation. After expansion of the blood volume (6% dextran in normal saline, 15 ml/kg) the arterial pressure and renal nerve activity responses to LAD and Cx occlusion were similar to those observed before volume expansion (Fig. 2) (Fig. 4) . LAD creases in arterial pressure and renal nerve activity were augmented both for LAD and Cx occlusion. However, the decreases in nerve activity and arterial pressure after volume expansion were greater during Cx occlusion. This was the only circumstance in which a significant reduction in renal nerve activity was observed during LAD occlusion.
Influence of vagotomy. Fig. 5 shows the responses to LAD and Cx occlusion in 13 dogs after volume expansion and section of the carotid sinus, aortic depressor, and vagal nerves. Results from volume-expanded dogs with sinoaortic deafferentation (group III) are shown for comparison. After vagotomy, both LAD and Cx occlusion resulted in similar decreases in arterial pressure and in similar and significant increases in renal nerve activity. In three of these experiments nitroglycerin-induced hypotension did not change renal nerve activity or heart rate, whereas coronary occlusion (LAD or Cx) increased the recorded activity, thus indicating that the increased nerve activity observed during coronary occlusion after vagotomy was not mediated by arterial baroreceptors. In another dog with vagi sectioned but carotid sinus nerves intact, renal nerve activity increased 20% 
Ily
The receptors that mediated the vasodepressor responses we observed were subserved by afferents which traveled in the vagus. This is supported by the observation that vagotomy abolished the withdrawal of renal sympathetic nerve activity and the cardiac slowing, and decreased the magnitude of the hypotension that resulted from Cx occlusion. In fact, with sinoaortic and vagal denervation, LAD and Cx occlusion each resulted in increases in renal sympathetic nerve activity. Although we did not repeat the occlusions after interruption of cardiac sympathetic nerves, it can be suggested that the postvagotomy increases in renal nerve activity were mediated by cardiac receptors subserved by afferents that travel in the sympathetic nerves (19) . Activation of these excitatory receptors may have partially masked the inhibitory influence of cardiac receptors with vagal afferents during coronary artery occlusion. It is unlikely that activation of excitatory sympathetic afferents could have accounted for the differential reflex inhibitory responses observed during LAD and Cx occlusion with vagi intact. To account for the differences, larger excitatory responses would have to result from LAD than from Cx occlusion. However, our data show that the increases in renal nerve activity in dogs with sinoaortic deafferentation and vagotomy during Cx occlusion were not different from those resulting from LAD occlusion.
Coronary occlusions were carried out before and after the blood volume was expanded so as to augment both the base-line activity of the cardiopulmonary receptors and the increase in their discharge frequency during coronary occlusion (10) . Volume expansion caused a significant increase in the heart rate, blood pressure, and renal nerve activity responses to LAD and Cx occlusion in dogs with sinoaortic deafferentation (group III) and in the heart rate responses to Cx occlusion in dogs with carotid sinus denervation (group II). Because no effort was made to replace volume losses incurred during surgery, it can be suggested that the volume expanded responses are more representative of those which might be observed in dogs with normal blood volumes.
Several investigators have recently examined the influence of coronary artery occlusion on the kidney. Peterson and Bishop (5) (2) . When the appropriate statistical test is applied to their data (analysis of variance) no significant change in renal flow occurred after mercury embolization. In addition, the validity of their flow measurements is questionable because no occlusive zero was obtained for the flow probes they used. It is likely that the decreases in renal resistance they observed were the result of autoregulation.
Gorfinkel and colleagues (22) compared the systemic and renal hemodynamics and urine volumes of dogs with cardiogenic shock as a result of occlusion ofthe Cx to those of dogs with hemorrhagic shock. Although arterial pressure and cardiac outputs were similar in the two groups, renal blood flow decreased 90% in the hemorrhaged dogs but only 25% in dogs with cardiogenic shock. In addition, urine output was better maintained in the dogs with cardiogenic shock. These investigators suggested that receptors in the cardiopulmonary area may have played a role in these differential renal responses because cardiac filling pressures were high in cardiogenic shock and low in hemorrhagic shock. In a subsequent study from the same laboratory, Kahl and colleagues (23) investigated the influence of left atrial distention on renal vasomotor tone and suggested that atrial receptors were primarily responsible for the protection of the renal circulation (prevention of renal vasoconstriction) during cardiogenic shock. In our experiments the increases in left atrial pressure during LAD occlusion were similar to those that resulted from Cx occlusion, yet the latter caused greater reflex vasodepressor responses. In addition, it is unlikely that Cx occlusion resulted in left atrial ischemia and thus in left atrial receptor activation. Moore (24) has shown that the left atrial branches of the Cx are two in number. The first arises 3-7 mm from the origin of the Cx and supplies the anterior half of the left atrium, the left auricular appendage, and the anterior half of the interatrial septum. This vessel was consistently proximal to the point at which the Cx was occluded in this study. The second or distal artery arises near the posterior interventricular sulcus and supplies the remainder ofthe left atrium. Moore (24) showed that there are abundant collaterals between the distal atrial branch arising from the Cx and atrial branches arising from the right coronary artery. Thus, it is also unlikely that ischemia of the posterior atrial wall resulted from Cx occlusion. Thus, our data are consistent with the view that short-lasting coronary occlusions activated primarily ventricular receptors and that these receptors mediated the reflex vasodepressor and renal nerve activity responses we observed. Kezdi et al. (25) reported that coronary occlusion resulted in activation of cardiac vagal afferents and in reflex suppression of renal nerve activity. They showed that 3 h after the injection of metallic mercury into the Cx of closed chest anesthetized dogs there was still a modest tonic inhibitory influence on the sympathetic outflow to the kidney, as indicated by the increases in renal nerve activity that followed vagotomy. It is likely that this inhibition observed 3 h after coronary occlusion by Kezdi et al. (25) was mediated primarily via cardiopulmonary receptors outside the ventricle (e.g., left atrium, pulmonary artery, etc.) because left atrial pressure has been shown to be markedly elevated 3 h after Cx occlusion (22) . In addition, the data of Thoren (26) indicate that left ventricular receptors with nonmyelinated vagal afferents, whose discharge frequency is augmented during the first few minutes of coronary artery occlusion, fail to sustain much of an increased firing frequency beyond 5-10 min.
Finally, Uchida and Sakamoto (27) injected air into the LAD and Cx coronary arteries in dogs and found that during myocardial ischemia, cardiac receptors with vagal afferents reflexly suppressed renal nerve activity when blood pressure did not decrease by >34% of control. Because their study did not examine the responses to coronary occlusion after eliminating the influence of the sinoaortic baroreceptors, they could only suggest an interaction between carotid and cardiac receptors in the control of renal nerve activity during myocardial ischemia. The present data provides systematic evidence that this interaction is the major determinant of the integrated renal nerve response to myocardial ischemia. Uchida and Sakamoto's study (27) also suggested that there was a difference in the response to LAD as opposed to Cx air embolization. They were unable to explain the mechanism for this difference as their study did not determine the relative roles of cardiac receptors with sympathetic (excitatory) as opposed to vagal (inhibitory) afferents in this differential response. This study shows that the differences in response to Cx as opposed to LAD occlusion are a result of inhibitory cardiac receptors with vagal afferents which are located mainly in the Cx distribution.
The renal nerve responses we observed were quite different from the skeletal muscle vascular responses to coronary occlusion that have been previously reported (2, 3, 5, 13, 26 (9, 10) .
The circulatory responses to Cx occlusion in the dog, particularly in the absence of the sinoaortic baroreceptors (3, 5) , tend to mimic the cardioinhibitory (bradycardia) and vasodepressor (hypotension) responses to inferior infarction in man (1) . Prevention by cardiac receptors of normal baroreceptor-induced increases in renal nerve activity could contribute to the hypotension by three mechanisms. First, m15-20% of the resting cardiac output passes through the renal circulation. If, in the face of hypotension, the kidney is not vasoconstricted then it acts as a low-resistance shunt and keeps total peripheral resistance inappropriately low. Second, prevention of increases in renal nerve activity wotuld also prevent the neural release of renin (28) with subsequent generation of angiotensin, a powerful vasoconstrictor. Third, in the absence ofan increase in renal nerve activity and renal vasoconstriction, salt and water excretion could continue at inappropriately high levels (29) with cumulative volume losses becoming significant in a brief period.
In conclusion, Cx occlusion activates inhibitory left ventricular receptors with vagal afferents sufficiently to prevent baroreceptor-induced increases in renal nerve activity. Inhibitory responses to LAD occluision are only evident when the influence of the sinoaortic baroreceptors is abolished, thus indicating that there are fewer inhibitory cardiac receptors in the LAD distribution.
